value was recorded and appeared unique for each cell type studied, although in most cases the overall form of fingerprints was similar, with maximum stiffness at low height measurements and a second lower peak occurring at high-height levels. We suggest that our stiffness-fingerprint analytical method provides a more nuanced description than previously reported and will facilitate study of the stiffness response to cell stimulation.
Introduction
Cancer cells have lower stiffness compared with their normal counterparts, and this is thought consistent with the requirement of cancer cells to migrate through tissues. A variety of techniques have been used to study cancer cell stiffness including: micropipette aspiration (Ward et al. 1991) , optical deformity (Guck et al. 2005) , particle tracking micro-rheology (Baker et al. 2010) , and observation of cell bound magnetic beads (Swaminathan et al. 2011; Coughlin et al. 2013) . Atomic force microscopy (AFM) permits direct physical measurement of the cell surface and has confirmed the low stiffness of both isolated cancer cells (Lekka et al. 1999; Cross et al. 2007 Cross et al. , 2008 Fuhrmann et al. 2011; Xu et al. 2012; Sarna et al. 2013; Efremov et al. 2014; Ramos et al. 2014; Weder et al. 2014 ) and cancer cells in tissues (Plodinec et al. 2012) .
Transformation of fibroblasts correlates with decreased stiffness by AFM, and this is associated with discrete cytoskeletal changes (Efremov et al. 2014) . Also, local progression of melanoma is associated with reduced cell stiffness (Weder et al. 2014) , and bladder cancer cell lines of Abstract Differing stimuli affect cell stiffness while cancer metastasis is associated with reduced cell stiffness. Cell stiffness determined by atomic force microscopy has been limited by measurement over nuclei to avoid spurious substratum effects in thin cytoplasmic domains, and we sought to develop a more complete approach including cytoplasmic areas. Ninety μm square fields were recorded from ten separate sites of cultured human dermal fibroblasts (HDF) and three sites each for melanoma (MM39, WM175, and MeIRMu), osteosarcoma (SAOS-2 and U2OS), and ovarian carcinoma (COLO316 and PEO4) cell lines, each site providing 1024 measurements as 32 × 32 square grids. Stiffness recorded below 0.8 μm height was occasionally influenced by substratum, so only stiffness recorded above 0.8 μm was analysed, but all sites were included for height and volume analysis. COLO316 had the lowest cell height and volume, followed by HDF (p < 0.0001) and then PEO4, SAOS-2, MeIRMu, WM175, U2OS, and MM39. HDF were more stiff than all other cells (p < 0.0001), while in descending order of stiffness were PEO4, COLO316, WM175, SAOS-2, U2OS, MM39, and MeIRMu (p < 0.02). Stiffness fingerprints comprised scattergrams of stiffness values plotted against the height at which each stiffness 1 3 increasing metastatic potential have decreasing cell stiffness (Ramos et al. 2014) .
While paclitaxel decreases stiffness of Ishikawa and HeLa tumour cells , separate agents with anti-cancer activity increase malignant cell stiffness including green tea extract (Cross et al. 2011) , chitosan (Lekka et al. 2001) , cisplatin (Sharma et al. 2012) , and epigallocatechin gallate (Takahashi et al. 2014) . Separately, the origin of prostate cancer cells from either lymph node or bone metastatic sites correlates with cell stiffness (Docheva et al. 2010) .
Based on observations such as those summarized above, it has been suggested that study of cell stiffness may provide increased opportunity for diagnosis of malignant disease (Suresh 2007) . The relationship between malignant behaviour and cell stiffness is, however, not simple, such that for example, the presence of melanosomes in melanoma cells correlates with increased cell stiffness (Sarna et al. 2013) . Further related to this, is that despite initial reduction in cell stiffness with melanoma progression, further metastasis is associated with a relative increase in cell stiffness (Weder et al. 2014) .
Mechanical stress is a measure of the pressure experienced by an object subjected to force, calculated as force per unit area with the units of N/m 2 or Pascal (Pa). Strain is a measure of the change in length of an object after being subjected to a certain amount of stress. The relationship between the two defines the stiffness of the material and is known as the modulus of elasticity or Young's modulus, and this ratio lends itself to measurement via AFM, in which the precise Z-direction control of the device permits indentation of known distance into samples. The cantilever stiffness can be calculated using the thermal tune method, while probes of known tip geometry, such as the spherical indenter we used in our study, can be purchased and used for these purposes. By knowing the stiffness and geometry of the cantilever and probe itself, and measuring how much it bends when coming in contact with the sample, it is possible to use one of several different mathematical models to calculate the pressure applied to the sample and establish a precise measure of the Young's modulus at the microregion of indentation (Barthel 2008) .
Most studies applying AFM to measure cell stiffness involve sampling adherent cells over the nuclear region (Cross et al. 2008; Cross et al. 2011; Fuhrmann et al. 2011; Kim et al. 2012; Sharma et al. 2012; Watanabe et al. 2012; Xu et al. 2012; Krause et al. 2013; Efremov et al. 2014; Ramos et al. 2014; Takahashi et al. 2014; Weder et al. 2014) , and this is to avoid thin peripheral cytoplasmic domains. This is thought necessary because it is well established that substratum effects can distort stiffness values, if the probe approaches the substratum too closely in thin specimens (Akhremitchev and Walker 1999; Costa and Yin 1999) , so that likelihood of spurious measurements can be reduced both by minimizing the depth of indentation and also by measurement over the nucleus that is the thickest part of the cell. Although directed sampling of the central nuclear area by AFM may be further justifiable with regard to cancer, on grounds of the nucleus being the largest organelle that must be forced through tissue spaces during migration (Krause et al. 2013 ), characterization of cytoplasm separate to the nucleus may be informative. From this, it seemed important to us that an approach be developed for recording cell stiffness that includes not only the nucleus, but also the surrounding cytoplasm, and we here describe a method which we believe helpful to this end.
Some investigators have exploited the capacity of AFM to scan across discrete fields, in order to build maps of cell stiffness, but have understandably focused on the nuclear region (Fuhrmann et al. 2011; Jin et al. 2012) , so that the possible contribution of cytoplasmic domains to overall stiffness remains uncertain.
In the current study, although using well-established AFM methods for measuring stiffness, we greatly expand the AFM scanning approach (Fuhrmann et al. 2011; Jin et al. 2012) and describe what appears to be a novel analysis for wide sampling of cultured cells independent of the nuclear domain. This analytical strategy fingerprints cell stiffness for separate cultured cell types, by generating large data sets plotting many individual stiffness measurements against the height at which they were recorded, so that this fingerprinting analysis provides a more nuanced record of cell stiffness than has been possible using previously described methods. We also describe an approach for dealing with potentially spurious individual results. Our analysis was dependent on collection of large data sets, and this permitted statistically meaningful comparison of both cell height and stiffness and hence provided statistically robust description of cell-stiffness fingerprints. We provide data from a wide variety of cell types including human dermal fibroblasts (HDF), osteosarcoma cells SAOS-2 and U2OS, ovarian carcinoma cells COLO316 and PEO4, and the melanoma cell lines WM175, MeIRMu, and MM39 and argue that this analytical method would be of value for further AFM investigations.
Materials and methods

Materials
All culture media including M199, RPMI, DMEM, α-MEM, trypsin (0.25 %)-EDTA (0.02 %) and phosphatebuffered saline (PBS), as well as Penicillin (10,000 U/ml)-Streptomycin (10,000 μg/ml) concentrate solution were prepared and supplied by the Memorial Sloan-Kettering Cancer Centre, Culture Media Core Facility (New York, NY). Amphotericin B was purchased from Life Technologies (Grand Island, NY). Gelatin was from TJ Baker Inc (Philipsburgh, NJ) . Falcon tissue culture flasks, AFM dishes, and centrifuge tubes were purchased from BDBiosciences (Two Oak Park, Bedford, MA). Human dermal fibroblasts (HDF) were from the Coriell Institute (Camden, NJ), while SAOS-2 osteosarcoma cells were from the American Type Culture Collection (VA, USA), and other tumour cell lines were donated from the collection of the Millennium Institute (Westmead, NSW, Australia). Paraformaldehyde (PFA) solution (32 %) was purchased from Electron Microscopy Supplies (Hatfield, PA).
Cell culture and preparation of cells for atomic force microscopy
All cells were grown to confluence in 25-cm 2 culture flasks prior to seeding for AFM, while the antibiotics penicillin (100 U/ml), streptomycin (100 µg/ml), and amphotericin B (2.5 µg/ml) were used throughout all cell cultures. Culture conditions differed according to cell type, such that HDF were always cultured on gelatin-coated surfaces (0.1 % in PBS) in alpha-MEM (15 % FCS); the melanoma cells MM39, WM175, and MeIRMu were cultured in DMEM (10 % FCS); the osteosarcoma cells SAOS-2 and U2OS were in M199 (10 % FCS); and the ovarian carcinoma cell lines COLO316 and PEO4 were in RPMI (10 % FCS). Cells were harvested, using trypsin-EDTA, into FCS to neutralize trypsin, and pelleted by centrifugation before seeding at 70 % confluence in AFM culture dishes precoated for 48 h at 37 °C with gelatin (0.1 % in PBS). Cell lines differed in capacity to bind to AFM culture surfaces and were permitted 3 days culture prior to three washes with PBS (pre-warmed to 37 °C), fixation for 20 min with solution prepared from PFA (4 % in PBS, at 37 °C), and three washes with PBS (pre-warmed to 37 °C). Fixed monolayers were stored under PBS at 4 °C for AFM recordings, which were made over three separate days each separated by 1 week, while there was no clear effect of storage on separate recordings of HDF made on each day of the 3-week period.
Atomic force microscopy and stiffness measurement
An Asylum Research MFP-3D-BIO AFM was used for all experimentation and the Asylum Research software package Version IX (AR Software) was used for cantilever calibration, force mapping, and analysis of the areas of interest. AFM probes vary in specific geometry, and this has particular bearing on the current study because both micronsized spherical and nanometre sized pyramidal probes interrogate differing size scales in composite gel materials (Loparic et al. 2010) . For this reason, we selected a 6.1-μm spherical polystyrene probe provided by NanoAndMore (Lady's Island, SC), while the manufacturer provides guarantee of probe size by scanning electron microscopy. With a spherical indenter, the contact area sampled is related to the indentation depth by the following equation:
where a is the contact area, h is the indentation depth, and R is the radius of the probe. Based on test indentations on our samples, we found that the contact area would vary between 800 and 1600 nm 2 . Both before and after each use and sample, the probe was thoroughly washed with 1 % SDS followed by ddH 2 O to prevent tip contamination.
The precise Z-distance calibration of deflection, as well as the probe stiffness (k) of the probe, must be measured in order to calculate stiffness values from the observations made. The inverse optical lever sensitivity (InvOLS) relates the actual Z position of the probe to the location of the laser reflection in the photodiode and was recalibrated prior to each sample since it is subject to thermal drift. The AR Software package enabled thermal tune calibration of cantilever stiffness. Briefly, a dry InvOLS was calculated by collecting a force curve on a hard, clean surface (glass), which calibrated the deflection in distance (nm/V). A thermal noise plot was then collected, and the first resonance peak was fit using the AR Software to determine the probe stiffness (k). Finally, a second wet InvOLS was calculated by collecting a force curve on a hard, clean surface in PBS to recalibrate for changes in the refractive index between air and the measurement media.
A slow indentation velocity of 3.5 μm/s was used to reduce viscous effects that would otherwise interfere with mathematical modelling to calculate Young's modulus. A trigger point for retraction was defined at 25-nm deflection, so that indentation depth depended on stiffness of the area measured, while indentation depth was usually between 100 and 500 nm. 32 × 32 points of force curves were collected over 90 μm × 90 μm areas.
Analysis and statistics
Because AFM measurements within individual areas scanned are made relative to an arbitrary position that varies when scanned fields are changed, and also because we could not confidently exclude the possibility that any given measurement of an area between cells was not in fact of a delicate cell process below the XY resolution of the height maps prepared, it was not possible to be certain of the position of the plastic culture surface for preparation of an absolute n-point plane fit for the plastic surface. However, assuming that the cells were growing as a consistently flat monolayer, it was possible to a 2 = 2hR − h 2 establish a plane fit for entire height maps using the AR Software, and all measurements of height were taken relative to these calculated reference planes. Preliminary analysis revealed consistency in height measurements for data collected from multiple scanned fields, when the lowest point measured in any given field was assigned a value of 0, and this was assumed to represent the plastic cell culture surface. For this reason, all numerical analyses of height measurements were relative to the lowest point identified.
As discussed in more detail below, early trials also revealed that data were most appropriate for analysis by the Hertz model, so that the AR Software was used to provide Young's modulus for each point as calculated by the Hertz model. Accuracy of the Hertz model is greatly affected by localization of the contact point, which was selected manually and was clear on the great majority of curves. We assumed a Poisson's ratio ν = 0.33 for all fits and fit the model to the indentation range of approximately 30-90 % of the collected data, to avoid the early contact region which tends to be highly variable due to the complexity of the cell surface.
Stiffness values were calculated for all points measured using the AR Software and exported to Excel. Preliminary analysis revealed occasional apparently spurious stiffness values at levels within 0.8 μm of the lowest point measured. For this reason, statistical analysis of stiffness values was only performed for those values collected above the 0.8 μm level. Height measurements, however, were recognized as accurate and could be included for statistical analysis across the full range of heights measured. Median and mean values were determined using Excel software (Microsoft, Redmond, WA), while statistical significance was determined using the Mann-Whitney U test in Prism 6.0e software (GraphPad Software Inc, La Jolla, CA).
Results
The Hertz model was consistent with observed indentation plots Figure 1 plots the relationship between force and the probe cantilever position during indentation and retraction, as well as the result of the calculated Hertz model. There was good approximation of the Hertz model to the indentation plot data collected, while data collected during probe retraction indicated low adhesiveness and hysteresis. These characteristics confirmed that data were appropriate for application of the Hertz model. Figure 2 shows height maps for representative sites measured in all cell lines studied. Cells varied in size and shape, and although some individual whole or near whole cell profiles were seen in all images of tumour cells collected, this was not the case for HDF where only parts of individual cells were captured in scanned areas. In order to improve sampling of HDF, 10 separate fields were scanned at random to collect data from 46 separate cells. In the case of tumour cells, only three separate areas were scanned, so that data were from 15 MeIRMu cells, 20 PEO4 cells, 21 MM39 cells, 23 WM175 cells, 27 COLO316, 27 SAOS-2, and 37 U2OS cells.
Fibroblasts and COLO316 had more flattened morphology compared to other cells studied
HDF had a generally flatter profile compared with malignant cells (Fig. 2) , and this is further illustrated in Fig. 3 showing the relative percentage distribution of height measurements, as well as in Table 1 which includes average and median height values. While automated image smoothing obscures detail of cell surfaces in the height map (Fig. 2) , much greater variability in cell surface height was apparent when examining height data in Fig. 2 . By summating height measurements and dividing these by the number of measurements made, it was possible to effectively integrate the curves shown in Fig. 3 and to further calculate the average volume of cell material per site measured. Using this approach, COLO316 had the lowest cell volume per site measured, followed by HDF, and then PEO4, SAOS-2, MeIRMu, WM175, U2OS, and MM39 (Table 1) . Differences in height measurements between cell types studied were significant in almost all instances (p < 0.0001), exceptions being when comparing PEO4 with both SAOS-2 and MeIRMu, as well as SAOS-2 with MeIRMU, where there was no statistically meaningful difference (Fig. 3) .
HDF were more stiff compared with malignant cell lines, while there was great variability in stiffness values both within and among cell types studied Figure 4 shows maps for cell stiffness of the same sites illustrated in Fig. 2 , while Table 1 shows median and average stiffness values for all cell types studied. Stiffness varied significantly among cell types, and although there was general agreement in the order of ascending stiffness according to these two measures of central tendency, correlation was not absolute. Figure 5 displays data for all cell types studied as percentage distribution curves and reveals differences in not only the peak prevalence of stiffness values across cell lines, but also in the width and skewedness of stiffness measurements recorded. HDF had the broadest range and highest value for peak incidence of stiffness measured. Notably, the location of peaks in percentage distribution curves (Fig. 5) did not correlate completely with the order of either mean or median values for stiffness (Table 1) . Scattergrams of stiffness measurements make the high variability of stiffness values both within and between cell types studied apparent (Fig. 6 ) and cast doubt on the meaning of measures of central tendency with regard to the data set studied. Nonetheless, median values (Table 1) did appear to correlate with an appearance of increasing stiffness in scattergrams (Fig. 6) . However, the range of Fig. 2 Atomic force microscopy height maps of 90-μm-square scanned areas of three separate representative fields of HDF, and single fields of malignant cells including PEO4, COLO316, WM175, SAOS-2, U2OS, MM39 and MeIRMu. HDF had a more flattened height profile compared with most malignant cell lines, so that the visual grey scale for height applied for HDF ranged only from −2 to 2 μm, as opposed to −4 to 4 μm for malignant cells. HDF were also appreciably larger than all of the malignant cells studied, with the effect that scanned areas could encompass only segments of individual HGF, as opposed to malignant cells which were small enough to often be captured in entirety within individual areas scanned stiffness values measured within individual cell lines did not correlate with median values, with MeIRMu, for example, having the lowest median stiffness value and nonetheless displaying occasional individual stiffness measurements very much higher than in U2OS, for example. U2OS, MM39, and WM175 cells had the more narrowly restricted ranges of stiffness compared with other cells, while HDF and PEO4 had the broadest distribution of stiffness measurements recorded.
Statistical evaluation by Mann-Whitney U test confirmed the visual impression that HDF were significantly stiffer compared with all malignant cell types studied (p < 0.0001). Among tumour cells, in descending order of stiffness were PEO4, COLO316, WM175, SAOS-2, U2OS, MM39, and MeIRMu, with almost all differences between cell lines being statistically significant to p < 0.0001, and the only exception being between WM175 and COLO316 where statistical significance was lower (p < 0.02).
Scattergrams of height against stiffness comprised stiffness fingerprints for each cell type studied and demonstrated cell stiffness peaked at the lowest and highest height ranges Figure 7 shows scatterplots of height against stiffness for all measurements taken and illustrates unique fingerprints for each cell type studied. Inspecting the data, it was generally possible to define low (black scatter marks), middle (green scatter marks), and high (red scatter marks) ranges of cell height, where there also appeared to be differences in stiffness. In most cases, the highest stiffness values were in the lower range of height measurements (Fig. 7 , black scatter marks), and this was statistically significant in HDF, MeIRMU, SAOS-2, PEO4, and WM175 (p < 0.0001), but not in COLO316 or MM39 where a visual impression of a stiffness peak in the low height range could not be confirmed as statistically significant. A notable exception was in U2OS where stiffness values were lower at low height measurements and rose towards a peak in the mid-height range (p < 0.0001) (Fig. 7) . A second broader peak in stiffness was seen in the upper height range for almost all cells studied (Fig. 7 red scatter marks, p < 0.0001 for HDF, MeIRMu, MM39, PEO4, and WM175, p < 0.05 for SAOS-2), although this was not statistically significant for COLO316, while U2OS again comprised an exception in not displaying this second peak in cell stiffness. Stiffness values were typically higher in the lower height range (Fig. 7 , black scatter marks) compared with higher height Fig. 3 Line graphs in which height measurements are arranged in ascending order and assigned a percentage value relative to that order, such that the lowest height value has a value of 0 and the highest a value of 100. There were substantial differences in not only the maximum height of cells, but also in the distribution of height measurements across cell lines, such that COLO316 and HDF had greatly flattened cell profiles, and U2OS and MM39 presented more elevated and deeply furrowed surfaces Table 1 Number of sites analysed for height and stiffness, as median and average values for height and stiffness, and the calculated average volume per site measured Cell types varied greatly with regard to height and stiffness, while there was no clear correlation between mean or median values for stiffness and those for height. Differences in height and volume between cells were statistically significant (p < 0.0001) except for between PEO4 and both SAOS-2 and MeIRMu, as well as between SAOS-2 and MeIRMu. Differences in stiffness were all statistically significant (p < 0.0001 in all cases, except between WM175 and COLO316 where p < 0.02) (Fig. 7 , red scatter marks) (p < 0.0001 for HDF, SAOS-2, MM39, p < 0.002 for PEO4, and p < 0.0007 for WM175), but this was not statistically significant for MeIRMu and COLO316, while U2OS did not display the two peaks in stiffness observed in other cell lines (Fig. 7) .
Discussion
By using a scanning approach of 90-μm square fields of adherent cells, the current study has sampled the maximum possible extent of cellular anatomy, so that the contribution of cytoplasmic domains independent of the nucleus is represented in a way not usual for AFM cell-stiffness determinations. The nature of this sampling is that only occasional whole single cells are measured, but instead data are accumulated from contributions of many cells, often only partly in the scanned field and largely obscured from view. This has particular importance with regard to evaluation of cell stiffness in very large cells such as fibroblasts, in which the nucleus comprises only a very small proportion of the total cell volume. In the current study, fibroblasts were of such size that no single scanned field contained a single whole cell. It did seem reasonable, however, to approach this problem by simply increasing the number of scanned areas studied, and the clear statistical difference in stiffness and height measurements between HDF and tumour cells suggests that this was appropriate. We suggest that data pooled in this way, unbiased by reference to the nucleus, provides opportunity for a more rich investigation of cell stiffness than is possible with analysis over nuclear structures alone. All mathematical models available to calculate Young's modulus from AFM data have limitations, but we elected to use the Hertz model not only because it is widely accepted for AFM studies, but also because our data demonstrated elastic behaviour together with low adhesiveness Fig. 4 Atomic force microscopy stiffness maps of the same 90-μm square fields shown in Fig. 2 , comprising three separate representative fields of HDF and single field of the malignant cells: PEO4, COLO316, WM175, SAOS-2, U2OS, MM39, and MeIRMu. Comparison of maps with the colour scale demonstrates HGF to be significantly more stiff compared with the malignant cell lines studied. Zones marked red were deemed unreliable for the purposes of analysis due to nonlinearity of stress-strain measurements and were thus excluded from the data. Areas marked white were recognized as often comprising culture plastic not covered by cellular material 1 3 appropriate for the Hertz model. None of the alternative models available to us were as appropriate to our data, including the Oliver-Pharr model that is more suited for non-elastic irreversibly deformable samples, and the Johnson-Kendall-Roberts, and Dejaguin-Muller-Toporov models considered more appropriate for elastic samples with high adhesion (Barthel 2008 ). Although we acknowledge that cells differ from the Hertz model in some ways, good approximation was found between observed indentation plots and those calculated from the Hertz model, increasing confidence in the stiffness values calculated.
One difficulty encountered was the generation of spuriously high stiffness records at very low cell height levels, and this may represent instances where the AFM probe impinged upon the underlying culture surface through thin cytoplasm at cell peripheries. This was most common below 0.8 μm of height and to facilitate comparison between cell lines; we felt it best to delete all stiffness values below 0.8 μm, but acknowledge this may have resulted in loss of valuable data. Related to this, is that very high stiffness records were occasionally obtained over more central parts of cells, and particularly in COLO316 where these oddly high values inflated the calculated average stiffness out of keeping with both the median value (Table 1) and scattergrams of data (Figs. 6, 7) . Although it was tempting to delete these high values, we could see no clear justification for so doing. Stiffness and height values were not normally distributed, so that average values had little meaning and median values appeared to better reflect the spread of data in scattergrams, especially with regard to cell stiffness (Table 1; Fig. 6 ).
In our study, height data from individual scans were plane fit using the software provided by the microscope manufacturer, and the precise location of the plastic culture surface was assumed to be the lowest point below the calculated plane. One effect of discarding stiffness measurements below 0.8 μm of height of the presumed plastic surface was to buffer the stiffness fingerprints generated from the effect of any slight inaccuracy that may have emerged from inability to precisely localize the position of the plastic surface in an absolute zero-plane fit, and demonstration of statistically meaningful differences in the stiffness fingerprints generated lends confidence to our approach. In addition, by removing stiffness measurements from sites potentially affected by substratum effects, any possible effect of any slight variability in substratum stiffness was eliminated, although the culture surfaces used are manufactured to be flat and have consistent stiffness.
Of interest, was that plots of stiffness opposed to height (Fig. 7) revealed clearly different patterns of data among the cell types studied, while these stiffness fingerprints were readily evaluated for statistical significance by the Man Whitney U test, easily performed with widely available software on large data sets. We suggest that the statistically significant differences observed between differing tumour cell lines of otherwise comparable average cell stiffness (Table 1; Figs. 6, 7) reflect much greater sensitivity of such fingerprints to detect subtle features of cell stiffness, compared Percentage distribution curves for all cell types investigated, demonstrating the relative percentage of measurements for stiffness falling within ranges of stiffness at increasing increments of 1000 kPa. While stiffness values overlapped for all cell lines, and there was variation with regard to location, width and skewedness of peaks seen, the curve and peak for HGF was clearly to the right of all malignant cells studied Fig. 6 Scattergrams of stiffness measurements made for all cell lines studied at or above 0.8 μm height and arranged in order of decreasing median stiffness value. There appeared to be good correlation between median stiffness values (Table 1 ) and the general central tendency of data clouds for each cell line studied. However, the range of stiffness values measured within individual cell lines varied greatly with the more traditional approach of sampling discrete nuclear sites (Cross et al. 2008 (Cross et al. , 2011 Fuhrmann et al. 2011; Kim et al. 2012; Sharma et al. 2012; Watanabe et al. 2012; Xu et al. 2012; Krause et al. 2013; Efremov et al. 2014; Ramos et al. 2014; Takahashi et al. 2014; Weder et al. 2014) .
As illustrated in Fig. 7 , stiffness values were highest at sites with low height measurements for most cells studied, while a second less pronounced peak in stiffness occurred in the upper height domain, and we interpret these two peaks as representing the effect of the peripheral actin cytoskeleton prominent at the thinned cell periphery and the nucleus at elevated levels. U2OS cells diverged from this pattern, and the absence of a peak at low height measures likely reflects high confluence and absence of thin peripheral cytoplasmic regions as revealed in Fig. 4 . The absence of the second peak found in other cell lines at elevated height measurements, however, suggests that U2OS may have a fundamentally different stiffness fingerprint compared with other cells studied.
Regardless, it does seem clear that application of the current method for establishing stiffness fingerprints requires careful control of culture density, while in the current study this proved very difficult because of differing capacity to adhere to the culture surface among differing cell lines. To try and reduce variability in data due to decaying culture conditions in the atomic force microscope, we elected to fix cells with paraformaldehyde. This will have affected the specific values recorded, but did have Fig. 7 Scattergrams of data collected at or above 0.8 μm height, plotting height against stiffness up to 80,000 kPa to permit inspection of the full range of data (a), as well in the restricted range of from 0 to 25,000 kPa (b) to better visualize results for lower stiffness values. Height measurements correlated loosely with stiffness values, such that the highest stiffness values were seen at low height measurements (black scatter marks), with a second broad peak in stiffness (red scatter marks) occurring after an intervening trough (green scatter marks). The exception to this was in U2OS, where stiffness was maximal in the mid-region of height measurements (green scatter marks) the advantage of establishing uniform conditions for all cell types and fields scanned. Fixation, however, is presupposed to have a comparable effect across all cell lines, and this would require separate confirmation in a much larger study. This may be particularly important, where the effect of differing cell treatment upon stiffness is to be studied, and we argue that the fingerprint method we outline may be particularly well suited to detect subtle changes in such studies (Lekka et al. 2001; Docheva et al. 2010; Cross et al. 2011; Kim et al. 2012; Sharma et al. 2012; Takahashi et al. 2014) . Similarly, we suggest that if combined with molecular localization methods, the approach we describe will permit refined analysis of the roles discrete cellular elements play in determining the stiffness of cell surface micro-domains.
